Hirschmann (1944) . Its antibacterial activity in vitro and in vivo has been studied by Sall6 and Jann (1945) . It differs from bacitracin both in its antibacterial spectrum and in its chemical properties.
There have been no previous reports about the activity of these two antibiotics in the treatment of syphilis. As will be here reported, both were active in vitro against a cultured strain (Reiter) of Treponema pallidum, bacitracin being considerably more active than subtilin in this respect. In vivo also, bacitracin caused the disappearance of treponemata from testicular chancres in syphilitic rabbits and the prompt healing of the lesions. Subtilin, however, failed to effect permanent healing of the lesions in the largest doses used. The amount of bacitracin necessary to produce a permanent cure in rabbits is under present study, as is its activity in the treatment of the human disease.
METHODS AND MATERIALS

Bacitrain and subtilin. The courtesy of the Western Regional Research
Laboratories at Albany, California, and of Drs. Eugene F. Jansen and Howard D. Lightbody in providing the subtilin used in these studies is gratefully acknowledged. Most of the bacitracin was prepared by the Ben Venue Laboratories at Bedford, Ohio.
The effective concentrations of bacitracin are expressed in the tables and figures in terms of the unit defined by Johnson, Anker, and Meleney, a unit of bacitracin being that "amount which when diluted 1:1024 in a series of two-fold dilutions in 2 cc. of beef infusion broth, completely inhibits the growth of a stock strain of Group A hemolytic streptococcus when the inoculum used to seed the tubes is 0.1 cc. of a 10-2 dilution of an overnight culture in blood broth." The 348 HARRY EAGLE, ARLYNE D. MUSSELMAN, AND RALPH FLEISCHMAN [VOL. 55 lots of bacitracin used in these experiments varied in activity from 18 to 40 units per mg, and there is reason to believe that the activity of the pure material may be at least twice the latter figure.
The activity of subtilin is expressed in terms of milligrams, preliminary experiments in this laboratory with the Craig counter-current distribution apparatus (Craig, Hogeboom, Carpenter, and du Vigneaud, 1947) having indicated it to be a reasonably homogeneous material, at least as determined by its partition coefficient between water and butanol.
The crystalline penicillin G used in these studies for comparison with bacitracin and subtilin was Lot no. V31 supplied by the Squibb Institute for Medical Research of E. R. Squibb and Sons. Their co-operation is gratefully acknowledged.
Inhibition of growth of treponemata in vitro. The Reiter strain of so-called T. pallidum2 used in the in vitro experiments was grown on Brewer's thioglycolate medium, enriched with 10 per cent rabbit or human serum. Sufficient additional agar was added (0.075 to 0.15 per cent) to thicken the medium and thus promote the formation of individual colonies in subculture.
For the determination of the inhibitory effect of the antibiotics on growth, decreasing amounts of their solutions (0.8, 0.6, 0.4, 0.3, 0.2, etc.) were added to 9 ml of the thioglycolate-serum medium, the tubes were then inoculated with just 1,000 organisms from a growing, actively motile 48-hour culture, and the total volume was adjusted to 10 ml. The number of colonies developing in each tube was counted after 7 to 14 days' incubation in an anaerobe jar at 37 C. In the absence of antibiotic, from 2 to 4 colonies were usually obtained for each 10 organisms inoculated into the medium. The control tube therefore contained on the order of 200 to 400 colonies, too many to count; and the experimental end point indicated in the tables was either that concentration which completely prevented growth, or that which permitted the development of only 20 colonies.
Inhibition of growth of Streptococcus pyogenes (C-208) . The concentrations of antibiotic necessary to prevent the growth of this organism were determined by a modified Rammelkamp-Kirby technique (Eagle, Newman, et al., 1947) , using inhibition of hemolysis as the end point.
Rate of treponemicidal action in vitro. Bacitracin or subtilin was added in varying concentration to tubes of thioglycolate-erum medium at 37 C. These were then inoculated with an actively growing 48-hour culture, to a final count of 10 million organisms per ml as determined by direct enumeration (Magnuson, Eagle, and Fleischman, 1948) . At varying intervals thereafter (e.g., 3, 6, 12, 24, or 48 hours), aliquot portions were removed from the tubes, and the number of remaining organisms was determined.by subculture in serial tenfold dilutions on thioglycolate medium. In the absence of a specific method for the inactivation of the bacitracin or subtilin, dependence had to be placed on the serial dilutions to dilute the material to the point that it would not affect the growth in subculture of the surviving organisms. ' The identification of these organisms as T. pallidum is debatable. They are probably saprophytic organisms that happened to be present in the syphilitic lesions when attempts were made at cultivation. In some experiments, the effect of the antibiotics on the number of organisms visible by dark-field examination, and on the proportion of those which were motile, was also determined.
EXPERIMENTAL PROCEDURE AND RESULTS
Concentration of bacitracin and subtilin necessary to inhibit the growth of T.
pallidum (Reiter) and of Streptococcus pyogenes (C-2O3) in vitro. Table 1 development of 20 colonies in a 10-ml tube. In simultaneous experiments with penicillin G, which was the most active of the four natural penicillins against this particular strain of treponema (Eagle, 1946) , an average of 0.047 micrograms per ml prevented growth, and 0.027 micrograms per ml permitted the development of 20 colonies. One milligram of crystalline penicillin G, therefore, had an average activity equivalent to that of 90 units of bacitracin, i.e., penicillin G was three times as active as a crude preparation of bacitracin containing 30 units per mg.
As shown in the same table, subtilin was far less effective than either bacitracin or penicillin G. The totally inhibitory concentration was on the order of 2 to The relative activities of bacitracin, subtilin, and penicillin against the C-203 strain of Streptococcus pyogenes (C-203) are shown in table 2. Measured by the concentrations necessary to inhibit growth, bacitracin was somewhat less active against this organism than it was against the Reiter strain of T. pallidum; penicillin was several times more active; but subtilin was almost a hundred times more active. Subtilin was half as active as penicillin G against this strain of streptococcus in vitro, but only 1/70th to 1/100th as active as G against the Reiter strain of T. pallidum. The rate of treponemicidal action of bacitracin and subtilin in vitro. A number of experiments designed to establish the rate at which the treponemata were killed by bacitracin are summarized in table 3. One of those experiments is graphically illustrated in figure 1. With the much larger inocula used in these experiments (10 million per ml instead of 100), and over the shorter time period (24 to 48 hours instead of 7 to 14 days), it required larger concentrations of bacitracin to render the organisms nonviable than was the case in the experiments summarized in the previous section. In experiment 5 of that table a minimum concentration of 0.025 units per ml was necessary to effect a significant treponemicidal action, and a somewhat higher concentration (>0.025 but <0.1 unit per ml) was necessary in experiment 6. The smallest effective concentration of penicillin G similarly tested was 0.032 micrograms per ml (Eagle and Musselman, 1944; Eagle, 1946) . By this criterion 1 mg of G therefore had an activity equivalent to that of 800 units of bacitracin, and it was some 25 times more effective than were crude preparations of bacitracin assaying at 30 units per mg. (Eagle and Musselman, 1944) there was no indication of a maximally effective level of bacitracin. The rate at which it killed the organisms increased with its concentration up to the highest level tested (64 units per ml, equivalent to 2 milligrams per ml of the particular preparation used). (Eagle, 1946) , 1 mg of penicillin was equivalent to approximately 800 units of bacitracin by this method of assay.
Unlike penicillin, there was no maximally effective concentration of bacitracin. The rate at which the organisms were killed increased with the concentration of antibiotic up to the highest level tested (64 units per ml).
At that concentration, 99.9 per cent of the organisms were killed in less than 6 hours, as compared with an average of 26 hours required at maximally effective concentrations of penicillin (Eagle and Musselman, 1948 Two experiments with subtilin are illustrated in table 4. The lowest concentration that decreased the net rate of multiplication was approximately 1 microgram, and the lowest concentration that had a demonstrable net bactericidal effect was 2 to 4 micrograms per ml. The latter concentrations were 64 to 128 times the similarly effective concentrations of penicillin G. As with bacitracin, and unlike penicillin, the treponemicidal activity of subtilin increased with its concentration up to the highest level studied (64 micrograms per ml). At that concentration, 99.9 per cent of the organisms were killed in 51 hours, or 5 times faster than the maximal rate at which these organisms can be killed by penicillin G in vitro. The largest doses of subtilin so far used (10 mg per kg every 4 hours, repeated 4 times daily, and continued for 4 days) did not cause the permanent disappearance of organisms from the testicular chancres in any of the four rabbits tested. This antibiotic was therefore even less effective against pathogenic T. pallidum in vivo than was indicated by its direct bactericidal activity against the nonpathogenic, cultured strain in vitro. Abortion of syphilitic infection If penicillin is administered a few hours to a few days after the inoculation of rabbits with T. pallidum, a minute fraction of the dosage necessary to cure the established disease then suffices to kill the small inoculum and to abort the syphilitic infection (Magnuson and Eagle, 1945; Eagle, Magnuson, and Fleischman, 1947) . Rake, Dunham, and Donovick (1947) on October 17, 2017 by guest http://jb.asm.org/ Downloaded from have developed a rapid method, based on this fact, for the assay of antisyphilitic agents. Since the criterion of failure is the development of a chancre at the site of inoculation, the assay can be completed within 2 to 3 months, as compared with the 12 months necessary for the ordinary therapeutic assay in established syphilitic infection, in which the criterion of cure is the noninfectiousness of a lymph node on transfer to normal rabbits 6 months after the completion of treatment.
The relative activity of bacitracin and penicillin G in preventing the development of syphilitic infection is shown in table 6 (Eagle and Fleischman, 1948) . As there indicated, when animals were inoculated with 2,000 organisms and Pathogenic T. pallidum in vivo. In syphilitic rabbits, small doses of bacitracin (36 units per kg) caused the rapid disappearance of the organisms from the primary lesion. The similarly effective doses of penicillin G are on the order of 0.11 mg per kg (Turner, Cumberland, and Li, 1947) . Much larger doses were, however, necessary in order to effect the permanent healing of the chancre. The effective doses of bacitracin in this respect were 5,000 units per kg at one injection, or 1,150. units per kg repeated once daily for 4 days. The latter dosage (40 mg per kg of a crude preparation assaying at 30 units per mg) was approximately ten times the similarly effective dose of penicillin G.
In rabbits inoculated with 2,000 organisms 4 days previous to treatment with bacitracin, syphilitic infection could be aborted in half the animals by the administration of 90 units per kg of bacitracin, given once daily for 4 days. This dosage (3 mg per kg of a crude preparation assaying at 30 units per mg) was 10 times the similarly effective dose of penicillin G.
Streptococcus pyogenes. Against the C-203 strain of f3-hemolytic streptococcus in vitro, penicillin G was twenty times as active as a 30-unit-per-mg preparation of bacitracin.
Subtilin
Subtilin was more active than bacitracin against the C-203 strain of Streptococcus pyogenes, approaching the activity of penicillin in this respect. Against treponemata, however, whether the cultivated Reiter strain in vitro or the pathogenic organisms in vivo, it was far less active than either penicillin or bacitracin. The effective concentrations in vitro of 2 to 4 micrograms per ml were 75 to 100 times those of penicillin G; and the largest doses so far used, approximately 80 times the curative dose of penicillin similarly injected, failed to cause even the permanent disappearance of treponemata from a primary lesion in rabbits.
